The construction and function of virtually all cilia require the universally conserved 21 process of Intraflagellar Transport (IFT) [1, 2]. During the atypically fast IFT in the green 22 alga C. reinhardtii, up to ten kinesin-2 motors 'line up' in a tight assembly on the trains [3], 23 provoking the question of how these motors coordinate their action to ensure smooth and 24 fast transport along the flagellum without standing in each other's way. Here, we show 25 that the heterodimeric FLA8/10 kinesin-2 alone is responsible for the atypically fast IFT in 26 C. reinhardtii. Notably, in single-molecule studies, FLA8/10 moved at speeds matching 27 those of in vivo IFT [4], but additionally displayed a slow velocity distribution, indicative of 28 auto-inhibition. Addition of the KAP subunit to generate the heterotrimeric FLA8/10/KAP 29 relieved this inhibition, thus providing a mechanistic rationale for heterotrimerization with 30 the KAP subunit in fully activating FLA8/10 for IFT in vivo. Finally, we link fast FLA8/10 31 and slow KLP11/20 kinesin-2 from C. reinhardtii and C. elegans through a DNA tether to 32 understand the molecular underpinnings of motor coordination during IFT in vivo. For 33 motor pairs from both species, the co-transport velocities very nearly matched the single-34 molecule velocities, and the complexes both spent roughly 80% of the time with only one 35 of the two motors attached to the microtubule. Thus, irrespective of phylogeny and kinetic 36
tip thus involves up to 20 active kinesin-2 head domains that 'line up' along the train with 71 close spacing between dimers. Moreover, these kinesin-2 motors were shown to 72 exclusively use the B-tubule of the microtubule-doublet of the axoneme, which prevents 73 head-on collisions with retrograde trains moving along the A-tubulin [35] . Such 74 specialized transport geometry raises the question of how the assembled head domains 75 on each train coordinate their actions to achieve efficient IFT in vivo (Figure 1 
82
In contrast to the kinesin/dynein-driven bi-directional transport of cargo in the cytoplasm, 83 which displays frequent reversals, IFT trains move without interruption, out to the ciliary 84 tip via kinesin-2, or back to the base via dynein-2 [2, 36, 37] . This behavior suggests that 85 the oppositely directed kinesin-2 and dynein-2 motors are activated reciprocally during 86 IFT. In support, recent cryo-EM studies with the C. reinhardtii flagellum provide 87 compelling evidence that kinesin-2-driven IFT trains transport the minus-end directed 88 dynein-2 as inactive cargo towards the ciliary tip [38] . The underlying molecular 89 mechanisms of how kinesin-2 and dynein-2 motors are specifically activated and inhibited 90 during IFT remain largely unknown. It is conceivable that heterodimeric kinesin-2 also 91 requires an adaptor to be recruited and activated for IFT, as previously demonstrated with 92 the homodimeric OSM-3 kinesin-2 from the C. elegans model [39] . 93
Here we turned to in vitro reconstitution assays and in silico simulations to address 94 following questions. Is the heterodimeric FLA8/10 motor from C. reinhardtii alone 95 sufficient to explain the atypically fast IFT velocity of 2000 nm/s in vivo [13] , or does the 96 fast speed result from the collective motor behaviors? Second, how do populations of 97 FLA8/10 motors coordinate their actions to achieve the smooth and continuous transport 98 observed in vivo? Lastly, how are FLA8/10 motors activated and inhibited during IFT? 99 100
To gain a mechanistic understanding of C. reinhardtii IFT, we recombinantly expressed 101 the FLA8 and FLA10 subunits of the heterotrimeric kinesin-2. The Flag-tagged FLA8 102 subunit robustly co-precipitated the 6XHis-tagged FLA10, demonstrating the specific 103 heterodimerization between the two different motor subunits ( Figure S1A ). Next, we 104 turned to functional single-molecule and multiple-motor filament gliding assays to 105 investigate whether a single FLA8/10 motor can move processively on surface-attached 106 microtubules, and if so, whether the single motor speeds differ from the speed of motors 107 working in ensembles. 108
To this end, we labeled the SNAP-tag on the FLA10 subunit with a fluorescent dye and 109 tracked the movement of single fluorescently labeled motors (Figure 2A ). The 110 heterodimeric FLA8/10 motors not only moved processively but also displayed two 111 velocity populations (Figure 2A ). The faster velocity population at ~2000 nm/s 112 demonstrates that this heterodimeric FLA8/10 motor from C. reinhardtii alone is sufficient 113 to achieve the atypically fast kinesin-2-dependent IFT velocities observed in vivo [13] . 114
The slower velocity population, centered around 1000 nm/s, suggests that, like other full-115 length kinesins [4, [40] [41] [42] [43] [44] , this motor is capable of auto-inhibition. 116
In other kinesins, folding of the distal C-terminal 'tail' domain onto the N-terminal catalytic 117 heads suppresses the ATPase activity of the dimeric motor, and attaching motors to a 118 surface via their C-terminal tail domains in multiple-motor filament gliding assays relieves 119 this inhibition [29, 30] . Consistent with this, we observed consistently fast velocities in 120 multiple-motor assays ( Figure S2A , left, Suppl. movie 1). Thus, the atypically fast IFT 121 velocities in C. reinhardtii do not result from collective motor behaviors, but instead are 122 inherent and unique to the FLA8/10 kinesin-2 motor (Figure 2A vs Figure S2A , left).
Additionally, a subset of our recombinant full-length FLA8/10 heterodimers are auto-124 inhibited, likely through autoinhibitory folding of the tail domains onto the head domains. 125
126
Intrigued by the sub-population of inhibited motors (Figure 2A ), we next asked whether 127 heterotrimerization with KAP may directly alter the activation state of FLA8/10. Previous 128 in vivo investigations with C. reinhardtii showed that the KAP subunit is required both for 129 achieving efficient processive movement of anterograde IFT trains, and for proper 130 targeting of the kinesin-2 motor to the ciliary base [25] . Consistent with this, assembling 131 the motor subunits into the heterotrimeric FLA8/10/KAP complex ( Figure S1B reinhardtii FLA8/10 ( Figure 2B ) is conceptually highly similar to the adaptor-dependent 138 recruitment and activation of the homodimeric kinesin-2, OSM-3, that carries out IFT in 139 C. elegans [39, 45] . 140
141
Because catalytic head domains are particularly well-conserved across the kinesin-2 142 family, a mechanistic explanation for the pronounced kinesin-2 speed differences 143 between the single-celled C. reinhardtii (~2000 nm/s) and multicellular organisms (~500 144 nm/s) is not immediately obvious [29-31, 33, 34, 46] . Intrigued by these findings, we next 145 asked whether we can delineate the domain responsible for the observed kinetic 146 differences between the respective model organisms. To this end, we replaced the KLP11 147 and KLP20 head domains in the KLP11/20 heterodimer [29] with the corresponding 148 FLA10 and FLA8 head domains respectively ( Figure S2B ). Strikingly, this chimeric motor 149 was not only active but also displayed a velocity of >1700 nm/s. Thus, the catalytic heads 150 and not sequences in the coiled-coil or tail domains are the main determinants of the 151 atypically fast kinesin-2-driven IFT velocity in C. reinhardtii ( Figure S2B ). 
165
We next turned to the more complex question of how the multiple kinesin-2 motors that 166 line up in close proximity along each train ( Figure 1 ), cooperate during IFT. To mimic this 167 multi-motor transport in vitro, we used double-stranded DNA (dsDNA) to couple two 168 kinesin-2 motors, i.e. four head domains, in close proximity ( Figure S3 ). Given that the 169 FLA8/10 motor is partially auto-inhibited ( Figure 2A ), we turned to protein engineering to 170 create a fast and fully active kinesin-2 that matches the active anterograde transport 171 motors in vivo. To this end, we replaced the FLA10 head with the FLA8 head domain, 172 resulting in FLA8/8 that was heterodimerized by the FLA8 and FLA10 stalks. This 173 chimeric motor no longer displayed the auto-inhibited population seen with the FLA8/10 174 ( Figure 2A ), and moved with fast velocities of >2000 nm/s in both single-molecule assays 175 and multiple-motor filament gliding assays ( Figure S2A , middle and Figure S2C ). In 176 contrast, replacing the FLA8 with the FLA10 head resulted in a chimeric FLA10/10 motor 177 that was considerably slower than the FLA8/8 chimera ( Figure S2A , middle vs right), though still substantially faster than IFT kinesin-2 from C. elegans and other multicellular 179 organisms [29, [31] [32] [33] [34] 46 ]. Thus, the fast speed of C. reinhardtii FLA8/10 cannot be 180 explained by differing activities of the two heads somehow combining to achieve fast 181 transport; instead, the fast speeds are a property of each head individually. C. elegans 182 KLP11/20 also combines a faster KLP20 with a slower KLP11 head [29] , indicating that, 183 despite being distantly related, the unicellular C. reinhardtii and the multicellular C. 184 elegans share conceptual similarities. However, possessing different kinetic signatures 185 between the two heterodimerized heads is insufficient to explain the substantial velocity 186
differences between the two model organisms. To gain mechanistic insight into the forces generated and the degree of inter-motor 214 coordination during co-transport by FLA8/8 and KLP11/20 motor pairs, we developed 215 coarse-grained simulations of motor stepping, described fully in Materials and Methods. 216
Briefly, motors are modeled as stochastic steppers and the motor-DNA complex is 217 modeled mechanically as a Freely Jointed Chain (FJC), with segments corresponding to 218 distinct sub-domains of the complex ( Figure 3A ). The two dimeric motors bind and unbind 219 from the microtubule at specified rates and when one motor detaches from the 220 microtubule, it is subjected to Brownian ( Figure S6A (Table S1 ). The 234 corresponding run length distributions for FLA8/8 ( Figure 3C ; mean 2.12 ± 0.13 μm) and 235 KLP11/20 ( Figure S8B ; mean 2.28 ± 0.15 μm) also agreed well with experiments ( Table  236 S1). 237 
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Having validated our single-molecule simulations, we next turned to modeling the co-254 transport behaviors of FLA8/8-FLA8/8 ( Figure 4A ) and KLP11/20-KLP11/20 ( Figure 4B) . Table S1 , and simulation parameters are given in Table  267 S2. 268
269
Having identified a parameter set that recapitulates the experimental behavior of the 270 motor pairs, we then used the simulations to investigate motor behavior and inter-motor 271 coupling during co-transport. To determine whether different motors are able to better 272 coordinate in groups than others, we calculated the co-transport velocity efficiencies by Thus, in the majority of traces, the second motor could not land before the first motor 282 detached from the microtubule, or one of the motors detached due to the high detachment 283
rates under load during co-transport. This result is consistent with the finding that the run 284 lengths of the FLA8/8-FLA8/8 and KLP11/20-KLP11/20 complexes were only slightly 285 higher than their corresponding single-molecule run lengths (Table S1 ). To summarize, 286 when working in pairs, both FLA8/8 and KLP11/20 generally work as single-molecules 287 rather than cooperating with their partner in the complex. 288 
305
Collectively, our in vitro and in silico dissections provide key mechanistic insights into IFT 306 in the flagella of C. reinhardtii where IFT by kinesin-2 was first identified [13] . We 307 demonstrate that heterotrimerization with the KAP subunit, as occurs in vivo, relieves auto-inhibition in the heterodimeric FLA8/10 kinesin-2 and fully activates the motor for 309 efficient and atypically fast processive transport in vitro. The heterotrimeric FLA8/10/KAP 310 transport complex is thus necessary and sufficient for the previously observed 311
anterograde IFT in C. reinhardtii. We pinpoint this so far unique kinetic property to the 312 catalytic heads of the heterodimeric FLA8/10. However, irrespective of species-specific 313 kinetics, the kinesin-2 motors from the unicellular C. reinhardtii and multicellular C. 314 elegans both display similar uncooperative behavior during co-transport suggesting that 315 these motors share common principles to accomplish efficient IFT in vivo. 
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SI Materials and Methods 338
All reagents were the highest purity available and were obtained from Sigma-Aldrich 339 unless stated otherwise. 340
Protein expression, purification and fluorescent labeling 341
Proteins were expressed using the Baculovirus Expression System in insect cells 342 (Spodoptera frugiperda, Sf9) according to the manufacturer's instructions (Life Science 343 Technologies). Proteins were Flag-tagged (DYKDDDDK) at their C-or N-terminal ends 344 to facilitate purification. Cells (protocol for 50 ml culture) were harvested by centrifugation 345 @1500 rpm for 15 minutes. Purification was performed at 4 °C. Cell pellets were lysed in 346 lysis buffer (10% Glycerol, 50 mM Pipes, pH 6.9, 300 mM potassium acetate (KAc), 1 mM 347
MgCl2, 1 mM DTT, 0.1 mM ATP, 0.5% Triton X-100, complete protease inhibitor tablet 348 (Roche)). Cell debris were removed by centrifugation at 30000 rpm for 10 minutes at 4 349 °C. Supernatant was incubated with 100 µl of Anti-Flag M2 affinity gel at 4 °C for 90 350 minutes. Beads were centrifuged at 800 rpm for 15 minutes at 4 °C and washed three 351 times with 1 ml of wash buffer 1 (10% Glycerol, 80 mM Pipes, pH 6.9, 500 mM KAc, 1 352 mM MgCl2, 1 mM DTT, 0.1 mM ATP, 0.1% Tween-20, complete EDTA-free protease 353 inhibitor cocktail (Roche)) and three times with 1 ml of wash buffer 2 (10% Glycerol, 80 354 mM Pipes, pH 6.9, 200 mM KAc, 1 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM ATP, 355 0.1% Tween-20, complete EDTA-free protease inhibitor cocktail (Roche)). For fluorescent 356 labeling, beads were incubated for 45 minutes on a rotator at room temperature with wash 357 buffer 2, containing 10 µM SNAP-Surface Alexa Fluor 488 or SNAP-surface Alexa Fluor 647 358 (New England Biolabs). Excess dye was removed by washing the beads three times with 359 1 ml of wash buffer 2, and labeled protein was eluted in elution buffer (Wash buffer 2 360 containing 0.5 mg/ml 1X Flag peptide) after 45 minutes of incubation at 4 °C. Purified 361 proteins were analyzed by SDS-PAGE on a 10% polyacrylamide gel. Multi-motor gliding 362 assays were performed as described previously to ensure motor protein quality [29] . Assembly of the Motor-DNA hybrids 375
I. Covalent coupling of one motor to dsDNA 376
For specific coupling of motor to DNA, double-stranded DNA (dsDNA) was synthesized 377
with Atto-633 dye on one strand and with a thiol group on the complementary strand 378 
II. Covalent coupling of two motors to dsDNA 405
To specifically couple two motors to dsDNA, same strategy as above has been followed 406 except, in this case dsDNA is unlabeled and one strand of dsDNA is functionalized with 407 two thiol groups that in turn was covalently linked to the Halo Iodoacetamide O4 ligand 408 
Single-molecule and colocalization assays: 424
Single-molecule and colocalization assays were performed as previously described [31, 425 39]. Briefly, biotinylated microtubules were attached to the glass surface of the flow 426 chamber that was pre-coated with biotinylated BSA and Streptavidin (each 1 mg ml −1 ). For colocalization assays, the same procedure was followed except two channels (488 444 nm and 638 nm) were used for simultaneous observation of both motors. The cycle 445 time for both channels was 195 ms. Colocalized movies were analyzed using custom-446 written routines in MATLAB (MathWorks, Natick, MA). In order to assign colocalized 447 runs, a penalty score was calculated for all combinations of two runs from the 448 respective channels. The penalty score resulted from the mean distances of tracked 449 positions (pixels, factor 1/3) and the difference in the starting time (frames, factor 1). 450
Long runs were cropped to the length of the shorter runs in order to account for 451 bleaching events. Pairs of runs with a penalty score <10 were considered colocalized 452 and their parameters were taken into account in further analysis as the average values in Figure 3A . The microtubule (MT) is modeled as a 25 nm diameter cylinder anchored 486 on glass surface with the scaffold-motor complex placed on top. 487
We developed a separate Monte-Carlo simulation to calculate the distribution of 488 the end-to-end distance of the motor-DNA hybrid, P(R), and its standard deviation, σ, which is used to determine attachment locations in the 3D geometry ( Figure 3A) . In this 490 model, a point is first placed on the microtubule, and a second point is generated using 491 random values with uniform distributions between [0, ) and [0, 2 ) for the two 492 corresponding spherical angels, and , respectively. We then continued this procedure 493 to grow the scaffold, one segment at a time, with the segment lengths shown in Figure  494 3A. Any configuration that intersects the cylindrical microtubule at any location is rejected, 495 and the accepted configurations are projected along the backbone of the microtubule. We 496 then calculated a histogram ( Figure S6A ), and fit it to a Gaussian to calculate the standard 497 deviation, , of end of end distances, i.e. the landing distance distribution. 498
During co-transport, both motors are subject to forces of the same magnitude but 499 in opposite directions. The front motor (toward the plus end) is under a hindering load 500 (negative), whereas the rear motor (toward the minus end) is under an assisting load 501 (positive). The force-extension curve is modeled in a piece-wise manner, as shown in 502 where x is the end-to-end distance (nm), is the force acting on the motor (pN), and 136 505 nm corresponds to the total contour length of the complex. 506
At each time step, motors stochastically take a step of 8 nm based on a probability 507 of stepping given by 508
where v is the motor velocity, is the simulation time step, and is the step size. The 510 linear force-velocity curve was taken from [50] as follows (see also Figure S7A Where is the unloaded velocity, is the force acting on the motor and is the stall 514 force (6 pN) [29] . 515
Motors stochastically dissociate from the MT based on the force-dependent 516 detachment rate, off ( ), of kinesin-2, previously measured by Milic et al. [46] . Due to the 517 lack of experimental data at low forces (-1 to 2 pN), we utilized exponential interpolations towards the known koff,0 value, resulting in the force-dependent detachment rate given by 
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The differently labeled motors were in turn mixed in equimolar concentrations with the Iodoacetamide-bi- 
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Quantification shows the 43±5% colocalisation efficiency, which is close to the statistically expected 50%. 
